The results of the molecular dynamics simulation of the radiation influence on the structure and thermophysical properties of water are presented. The changes in the radial distribution functions, momentum distribution function and the selfdiffusion coefficients are quantified. It is shown that the irradiation causes the structural and thermodynamics properties of water. The "effective temperature" of the stationary nonequilibrium water system under the irradiation allowing to define the correspondent equilibrium system with the same structural and thermodynamic properties is calculated. It is confirmed that the structural changes in the liquid systems under irradiation are caused by the changes in the coefficients of the Maxwell distribution function due to the momentum exchange between the active particles and the particles forming the liquid. To explain the phenomena observed in the molecular dynamics simulation the results are quantitatively compared to the predictions of the theoretical model of the phenomenon that is based on the Bogolyubov chain of equations and with the experimental data.
Recently, quite a number of works devoted to the radiation interaction with the matter appeared in the literature [1] [2] [3] [4] [5] [6] . That field is important both from fundamental point of view and for the different applications. The studies may reveal the underlaying physical mechanisms of the interactions and their results may be used for developing new technologies in medicine, nuclear energy, etc. Nowadays most of the studies in the field deal with the solid state [7] [8] [9] , ionic liquids [10, 11] or biological structures [12, 13] . For the above objects computer simulation studies has shown to be on of the most effective instruments [14] [15] [16] as the experiments with the irradiation influence on matter are difficult to perform and to interpret. At the same time there are quite few works devoted to the irradiation influence on liquid systems. It should be noted that computer simulations are widely used to study the equilibrium and nonequilibrium liquid systems [17] [18] [19] [20] [21] [22] . Therefore, it looks surprising that computer simulations are not used to study the radiation influence on liquids. Furthermore, at present, most of the works in the field deal with the physical-chemical stage and describe the radiolysis [23] [24] [25] but only few can be found that search for the physical mechanisms involved in the process. One should also mention the existing experimental studies of the radiation influence on liquid matter [26] [27] [28] [29] [30] . Those experiments show the strong dependence of the thermodynamic properties of liquids on the radiation. Therefore, accounting for the importance of understanding the behavior of liquids under irradiation for the different applications it seems to be attractive to study the physical nature of the interaction.
The aim of this work is to use the molecular dynamics (MD) methods to study the physical mechanisms responsible for the changes in the structural and thermodynamic properties of water under irradiation by α particles (He).
Earlier, based on the fundamental Bogolyubov chain of equations [31] there was suggested the model relating the structural and thermophysical properties of the nonequilibrium liquid systems under irradiation in the stationary state [32] . Within that model it was suggested that the irradiation changed the structure of the liquid system. That obtained new structure of the nonequilibrium liquid system in the stationary state was characterized by a new parameter that is the "effective temperature" T ef f . That allowed writing down the classical BGY equation [33] for the nonequilibrium system in the stationary state:
with T ef f standing instead of T . Here F 2 (r 1 , r 2 ) and F 3 (r 1 , r 2 , r 3 ) are the 2-nd and 3-d order distribution functions respectively depending on space coordinates r 1 , r 2 , r 3 , Φ(|r i − r j |) _ is the potential of interaction between i-th and j-th particles, ρ = N V _ is the numerical density. The important thing to mention is the fact that the introduced parameter T ef f was, actually, the analogue of the thermodynamic temperature for the nonequilibrium system in focus. It was suggested to be equal to the thermodynamic temperature of the corresponding equilibrium system with the same structural properties. It was shown that the "effective temperature" could be calculated from the perturbed momentum distribution functions of the systems caused by the momentum exchange between the active particles and the particles forming the liquid.
kT ef f ∂f 2 (p 1 , p 2 ) ∂p 1 dp 1 dp 2 = − p 1 m f 2 (p 1 , p 2 )dp 1 dp 2 .
(2) Therefore, the developed theoretical model of the process [32] allowed calculating thermophysical properties of the stationary nonequilibrium liquid systems under irradiation from the thermophysical properties of the correspondent equilibrium liquid systems considering the new parameter T ef f .
In this work we present the results of the MD simulation of the radiation influence on water and compare them with the predictions of the theoretical model suggested earlier.
The MD simulations using the rigid simple point charge (SPC) model of water [34] are performed for a cubic simulation box containing 16384 water molecules and 1 He particle at the temperature 300 K, and at ambient pressure (0.1 MPa). The geometric parameters of the SPC model used are given in Tab I. The DL POLY package (4.06 version) is used [36] , with the Ewald particle mesh method for the evaluation of the Coulomb interactions. The intermolecular potential energy between atomic sites is calculated in a standard way by a sum of the Lennard-Jones (12-6) potential and the Coulomb electrostatic interaction
with the off-diagonal interaction parameters calculated using the Lorentz-Berthelot mixing rules [37, 38] 
The parameters used are given in Tab. II. All the simulations are performed in two steps. First, the system is equilibrated in the NVT ensemble using Berendsen thermostat and the box is fixed. In all the future simulation the box size remains unchanged. Next, the radiation is switched on. At this stage the simulation is performed in the NVE ensemble. Irradiation is included by accelerating the He atom originally present in the system. In order to reach the stationary state of the system we add energy in a discrete way with the step 0.05 keV. It is done by accelerating He every 2 ps to have the total irradiation energy ranging from 0.05 keV to 0.25 keV.
To justify the choice of the NVE ensemble one can mention the fact that in all the other ensembles inclusion of the thermostats makes the momentum distribution function move towards the Maxwellian one and, hence, disturbs the real physical picture in the momentum space. Therefore, they ar not acceptable for our case as one expect the changes in the momentum distribution function to be one of the main physical mechanisms of the radiation influence on he structural and thermodynamic properties of water. All the parameters of the simulation process are given in Tab III. The SPC rigid model was used in our simulations as it gives structural and dynamic parameters of the bulk water that are in accord with the experimental data [39, 43] and at the same time it gives the results for the radial distribution functions (RDF) and momentum distribution functions that are not blurred by inclusion of the internal degrees of freedom. It seems to be attractive as we suggest that one of the main mechanisms responsible for the changes of the thermodynamic properties of the liquid systems under irradiation is the change in the momentum distribution function [32] . Therefore, using SPC model seems to be a reasonable choice in the first approximation.
In order to have the reliable data for the noneqilibrium system in the stationary state we have averaged the results of the three runs with the same initial equilibrated system. The g OO , g OH , and g HH RDFs are shown at Figs. 1, 2, and 3 respectively.
It can be seen from the figures that all the changes in the RDFs are quite small. It can be explained by the averaging over the three different runs. Still, it can be easily seen that there is the correlation in between the radiation energy and the changes in the RDFs. At the inset of Fig. 1 one can see the decrease of the height of the first peak with the increasing radiation energy. Such a behavior suggests the tendency to blurring of the first and second coordination spheres. At the same time its position remains the same at about 2.78Å that corresponds to the geometric criteria for the hydrogen bond that is R OO ≤ 3.3Å [21] . For g OH (r) the decrease of the height of the first peak with the increasing radiation energy(the inset at Fig.2 ) is seen again. Its position at 1.8Å corresponds to the geometric criteria for the hydrogen bond that is R OH ≤ 2.6Å [21] . Such a behavior suggests the tendency of the radiation to destroy the net of hydrogen bonds.
Unfortunately, the changes in the g HH (r) are hardly (Fig.3) . Still, the tendency of the first peak to decrease with the increasing radiation energy is also observed at the graph.
To find the physical mechanism of the radiation influence on water causing the observed structural changes the obtained simulation results are compared to the theoretical model of the process developed earlier [32] . In order to calculate the "effective temperatures" that characterize the structural and thermophysical properties of the stationary nonequilibrium liquid system under irradiation the momentum distribution functions have been extracted from the simulation data for the different irradiation energies. The obtained curves approximated with the Maxwell type functions f (p) = Aexp(−φp 2 ) are shown at Fig. 4 . One can see that the position of the maximum shifts toward the higher velocities and the peak broadens with the increasing radiation energy. Such a behavior qualitatively confirms our hypothesis that one of the important mechanisms of the irradiation influence on the properties of water is the change of the velocity distribution function due to the momentum exchange between the active particles and the particles forming the liquid.
In order to find the thermophysical properties of the system we calculate the "effective temperature" T ef f from the equation (2) define the "real" temperature of the system. Therefore, to have some data for comparison in the last raw of Tab. IV there are the temperatures that should have the system if all the radiation energy goes for heating only. It can be seen that the numbers are different. At this point it is important to mention that the RDFs of the equilibrium system calculated in the NVT ensemble at real temperatures equal to T ef f given in Tab. IV coincide with the RDFs shown at Figs. 1-3 for the corresponding irradiation energies.
To check the hypothesis that it is the effective temperature but not the "real" or T irrad that describes the thermophysical properties of the system under the irradiation it is intereesting to compare simulation results with the experimental data. The effects might be seen in all the thermophysical properties that are defined by the structure of the system like surface tension coefficient, selfdiffusion coefficient, etc.. We have analyzed the selfdiffusion coefficient dependence on the effective temperature. The corresponding graph is shown at Fig. (5 ) . At the same figure there are shown graphs of the selfdiffusion coefficient dependence on real temperature that can be found in the literature [44] . One can see from ted against the T ef f are in accord with the data available in the literature for the SPC rigid model. At the same time calculating the "real" temperature for the system in the nonequilibrium state is not possible and plotting D against T irrad (Fig. 5 ) doesn't show correspondence to the existing data. Therefore, one can come to the conclusion that it is the "effective" temperature that can explain the observed behavior of the selfdiffusion coefficient.
In this work the results of the MD simulations of the α-particles radiation influence on water are presented. It is shown that irradiation causes the changes in the structural and thermodynamic properties of water. The main observed changes in the structure are the blurring of the first and the second coordination spheres as well as destruction of the net of hydrogen bonds.
The comparison of the obtained results with the predictions of the earlier developed theoretical model of the process based on the Bogolyubov chain of equations shows that the observed changes in structure are characterized by a new parameter that is the "effective temperature". It means that the structure of the liquid system under irradiation in the stationary nonequilibrium state is the same as the structure of the corresponding equilibrium system with its thermodynamic temperature equal to the "effective temperature". Therefore, the "effective temperature" might be treated as the "structural temperature" of the nonequilibrium system in the stationary state.
The changes of the selfdiffusion coefficient under irradiation are shown to be caused by the changes in the structure of the liquid system that are described by the growth of the "effective temperature". The dependence of the selfdiffusion coefficient on the "effective temperature" shows the good correspondence to the existing data for the temperature dependence of the selfdiffusion coefficient. From the obtained results it is seen that selfdiffusion coefficient grows with the increasing radiation energy. At the same time the changes in the "real temperature " of the nonequilibrium system can not explain the observed growth of the selfdiffusion coefficient in a correct way. Therefore, it is shown that the thermophysical properties of the liquid system under irradiation in the stationary nonequilibrium state are the same as the thermophysical properties of the corresponding equilibrium system with its thermodynamic temperature equal to the "effective temperature".
It is shown that the changes in the coefficients of the Maxwell distribution function due to the momentum exchange between the active particles and the particles forming the liquid is one of the important physical mechanisms of the radiation influence on liquid systems. The knowledge of the distorted momentum distribution function of the liquid system under irradiation in the stationary nonequilibrium state allows calculating the "effective temperature" of such a system and, hence, its structural and thermodynamic properties.
The obtained in the work results of the MD simulation of the radiation influence on water quantitatively confirm the predictions of the previously introduced theoretical model of the process and are in accord with the available in the literature experimental data.
